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Redox behaviorSodium enrichment occurs on the surface of the glass that is in contact with the gas phase during the heat
treatment of lead-containing glass under a reductive atmosphere. This technique was previously found to
promote lead recovery in waste-glass treatment, and may be potentially applied to glasses containing
other heavy metal oxides. Thus, the efficiencies of sodium enrichment were compared among glasses
with different heavy metal species (PbO, CuO, and ZnO) in the heat-treatment under a CO-containing
atmosphere. The sodium enrichment efficiencies in the treatment of the PbO- and CuO-containing glasses
were higher than that in the treatment of the ZnO containing glass. This was because the efficiencies were
related to the reduction of the heavy metal oxides. The mass ratio of Na to Si on the glass surface
increased as the PbO concentration decreased via reduction of PbO. The sodium-rich phase was separated
together with a copper-concentrated phase that was generated via the reduction of CuO. However, ZnO in
the glass is thermodynamically more difficult to reduce in the CO-containing atmosphere used in the
study, resulting in the lower efficiency of the sodium enrichment.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Used electronic substrates, cathode ray tube (CRT) funnel glass,
and automobile shredded dusts are regarded as hazardous wastes
due to the toxicity of the heavy metals they contain. Such heavy-
metal-containing wastes are also valuable resources, and the
recovery of the heavy metals from them is important for both envi-
ronmental protection and resource conservation. In Japan, smelt-
ing furnaces have been used for the recovery of heavy metals
from electronic wastes [1], and municipal solid waste (MSW) melt-
ing processes can also be applied for metal recovery [2]. For more
efficient metal recovery, however, it is necessary to develop a
specific melting technique.
In melting processes, heavy metals are recovered as chlorides
with high volatility. When waste materials are melted with chlori-
nation agents, the heavy metals in the wastes are chlorinated and
volatilized. The vapors of the heavy metal chlorides are then con-
densed in a cooling process, and the solid heavy metal chlorides
are recovered. For instance, lead-containing glass is melted with
CaCl2 at 1000 C to generate lead chlorides that are volatilized from
the glass [3]. In the ash-melting process used by MSW facilities, the
incineration bottom ash is melted with the incineration fly ash,which is a Cl-rich material, in order to promote the chlorination
and volatilization of heavy metals [4,5]. However, this chlorination
process causes corrosion of the melting furnace by the chlorine gas
that is generated when large quantities of chlorination agents are
fed into the furnace. Moreover, the recovered heavy metal chlo-
rides must be converted to a metallic state in order to use the
metal, which complicates the entire treatment process. For these
reasons, it is desirable to recover heavy metals directly from waste
materials in the metallic state. In the reduction-melting process,
waste materials containing heavy metal oxides are melted under
a reductive atmosphere, and the heavy metal oxides are reduced
to their metallic states and are then separated from their oxide
phases. Notably, this process does not require chlorination agents
that lead to chlorine corrosion. Therefore, the reduction-melting
process is preferable for the treatment of heavy-metal-containing
wastes.
One of the heavy-metal-containing wastes that has attracted
attention recently is CRT funnel glass, which has a considerable
quantity of PbO [6]. Due to the decreasing demand for CRT televi-
sions, closed-loop recycling (i.e., conversion of waste CRTs to new
CRTs) is becoming difficult. It is necessary, therefore, to develop a
new recycling technique involving lead recovery, and a variety of
lead recovery processes have been proposed [7–14]. We previously
studied the reduction-melting of lead-containing funnel glass
under a CO-containing reductive atmosphere [12]. In our proposed
Table 1
Batching composition of test samples used for preparation of simulated glass.
Simulated glass Chemical compounds (g)
Na2CO3 SiO2 PbO CuO ZnO
Na2O–SiO2–PbO system 5.0 5.0 5.0 0 0
Na2O–SiO2–CuO system 5.0 5.0 0 2.5 0
Na2O–SiO2–ZnO system 5.0 5.0 0 0 2.5
Fig. 1. XRD patterns of the simulated glass.
Electric furnace
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Alumina cover
Simulated
glass
Fig. 2. Schematic of reductive heat treatment setup.
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glass as a flux to decrease the viscosity of the glass and promote
aggregation of the generated metallic lead. However, a part of
PbO remained in the residual oxide phase and the concentration(a) Na2O-SiO2-PbO system
(b) Na2O-SiO2-CuO system
(c) Na2O-SiO2-ZnO system
20 m
Point 1
Na Si
Simulated glass
SE 
SE 20 m Na Si
Simulated glass
Na Si20 mSE 
Simulated glass
Fig. 3. Secondary electron images and mapping images of Na and Si on the contact sur
observation and EDS analysis: 5 kV).of the remaining PbO was about 2.0 wt%. To promote the lead
recovery, we combined a sodium enrichment technique with the
reduction-melting process [14]. After the reduction-melting at
1000 C, the molten glass was annealed at 700 C and the sodium
oxides were concentrated on the surface of the glass that was in
contact with the gas phase (referred to as the ‘‘contact surface”).
The phase separated sodium oxides were extracted with water.
By this water treatment, the remaining oxide phase was micropar-
ticulated and porous structures formed on the oxide surfaces. This
increases surface area of the oxides and recovery of the remaining
lead from the oxides in a subsequent acid leaching was promoted.
Therefore, in the phase separation process, the sodium enrichment
efficiency that can affect the microparticulation and porous struc-
ture of the residual oxide phase is important for heavy metal
recovery in leaching processes of the oxide phase.20 m
Point 2
20 m Na Si 20 m
Heat-treated product
SE 
Na Si 20 mSE 20 m
Point 5
20 m
Heat-treated product
Point 6
Na Si 20 mSE 20 m
Point 3
20 m
Heat-treated product
Point 4
faces of the simulated glass and heat-treated product (accelerating voltage in SEM
(a) Comparison between the simulated glass and heat-treated product 
(b) Observation of the heat-treated product at higher magnification 
Simulated glass Heat-treated product 10 01m m 
Fig. 4. Secondary electron images of the contact surface of the simulated glass and heat-treated product in Na2O–SiO2–PbO system (accelerating voltage in SEM observation:
2 kV).
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[15,16]. To the best of our knowledge, sodium enrichment under a
reductive atmosphere during the reduction-melting process for
heavy-metal-containing wastes has not yet been mechanistically
investigated. During the melting process, the heavy metal oxides
incorporated into the SiO2 network of the glass are reduced to the
metallic state and removed from the network. Depending on con-
centrations of heavy metal oxides in glass, the glass structure and
electron density of SiO2 unit in glass are different [17,18]. Removal
of the heavy metals during melting results in a continual change
of the glass structure and charge balance in the SiO2 network with
time. In addition, structure of glass prepared in a reductive atmo-
spherewould be different from that of glass prepared in an oxidative
atmosphere based on following authors’ previous study. X-ray pho-
toelectron spectroscopy was performed on glasses prepared under
atmospheres with different oxidizing powers [19]. In the O1s and
Si2p spectra, the peak positions and shapes were different for the
various glass materials, even though their chemical compositions
were not significantly different. For these reasons, in a reductive
environment, it is possible that the sodium enrichment efficiency
would be affected by the change of the structure and charge balance
resulting from the reduction of the heavy metal oxides, because the
phase separation is promoted by coulombic repulsions between
network-modifier cations [20]. In fact, the authors previously foundthat such sodium enrichment was observed in a reductive atmo-
sphere but not in an oxidative atmosphere [13]. Based on these find-
ings, the sodium enrichment technique may be potentially applied
to glasses with other heavymetal species. However, in our previous
studies, the sodium enrichment has been studied on lead-
containing glass but not other heavy-metal-containing glass.
Depending on the heavymetal species, their redoxbehaviors are dif-
ferent and these may affect the sodium enrichment efficiencies.
In the present study, sodium enrichment during the heat treat-
ment of heavy-metal-containing glasses under a reductive atmo-
sphere was investigated with the purpose of comparing the
sodium enrichment efficiencies between the glasses with different
heavy metal species. Simulated glasses containing different heavy
metal oxideswere prepared using standard reagents, and each glass
was heated in an electric furnace under a reductive atmosphere.
The contact surfaces of the obtained materials were observed, and
the sodium enrichment efficiencies were determined.
Materials and methods
Preparation of test samples
Mixtures of reagent-grade SiO2, Na2CO3, PbO, CuO, and/or ZnO
(Wako Chemical Co. Ltd., Osaka, Japan) were used to prepare test
(a) Secondary electron image 
(b) Mapping image of Na and Pb (c) Mapping image of Na and Si 
1 m Na Si Na Pb 1 m 
1 m SE 
Fig. 5. Secondary electron image and mapping images of Na, Pb, and Si on the contact surface of the heat-treated product in Na2O–SiO2–PbO system (accelerating voltage in
SEM observation and EDS analysis: 5 kV).
(a) Secondary electron image iSdnaaNfoegamignippaM)c(bPdnaaNfoegamignippaM)b(
Cross 
section
Contact 
surface
1 mSE 1 mNa Pb 1 mNa Si
Fig. 6. Secondary electron image and mapping images of Na, Pb, and Si on the cross-section of the heat-treated product in Na2O–SiO2–PbO system (accelerating voltage in
SEM observation and EDS analysis: 5 kV).
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The mixture of reagents was placed in a 30 mL alumina crucible,
which was then placed in an electric furnace. The temperature in
the furnace was elevated to 1000 C over a period of 30 min, and
the mixture was melted for 2 h at this temperature under atmo-
spheric condition. The crucible was then removed from the furnace
using fire tongs, and the glass melt in the crucible was allowed to
cool naturally and rapidly at room temperature. This material is
the test sample and referred to as ‘‘simulated glass”.
Fig. 1 shows the X-ray diffraction (XRD) patterns of the simu-
lated glasses from XRD analysis explained in Section 2.3. Broad
diffraction peaks indicating the presence of amorphous phasesare observed for the Na2O–SiO2–PbO system. Conversely, a peak
for CuO is present in addition to the broad peak in the XRD pattern
for the Na2O–SiO2–CuO system. Peaks for ZnO and Na2ZnSiO4
also coexist with the broad peak in the XRD pattern for the
Na2O–SiO2–ZnO system. From the obtained XRD pattern, the
crystallinity of the simulated glass was calculated as follows with
the equation:
Crystallinityð%Þ ¼ ðAc=ðAc þ AaÞÞ  100 ð1Þ
where Ac is the area of sharp diffraction peak corresponding to crys-
talline in the XRD pattern, and Aa is that of the broad diffraction
peak corresponding to amorphous.
Fig. 7. Photograph of the heat-treated product in Na2O–SiO2–PbO system and XRD
pattern of the metallic phase in the product.
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Fig. 8. Relationship between Na/Si ratio and Pb concentration on the contact
surface of the heat-treated product in the Na2O–SiO2–PbO system.
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tem and 2.7% for the Na2O–SiO2–ZnO system, and the percentage
of the amorphous phase was confirmed to be greater than that of
the crystalline phase in both materials. In Fig. 1, the shapes of
the broad diffraction peaks were different among the simulated
glasses, implying that the structure of the glasses were also differ-
ent. It is difficult to evaluate only effects of the redox behaviors of
the heavy metal oxides on the sodium enrichment efficiency, sep-
arately from the effect of the structural difference. However, the
discussion of the effects of the redox behaviors is meaningfulSimulated glass 10 m 10
Fig. 9. Comparison of the contact surfaces between the simulated glass and heat-treatedbecause the sodium enrichment efficiency was related to the
reduction of the heavy metals (see Section 3.1).
As explained above, the simulated glasses were prepared in an
alumina crucible, and during the melting process, it is possible that
a portion of the alumina in the crucible dissolved in the glasses.
Therefore, to confirm the quantities of alumina in the simulated
glasses, the mass ratios of alumina to silica in the simulated glasses
were determined via X-ray fluorescence (XRF) analysis explained
in Section 2.3. The ratios were found to be in the range from
0.0089 to 0.030 that were lower than those of the heavy metal oxi-
des to silica in the simulated glass (0.5–1). Therefore, the effect of
the alumina contamination on the sodium enrichment may be
smaller than those of the heavy metal oxides.Reductive heat treatment of the simulated glasses
The prepared simulated glass was reheated under a reductive
atmosphere to cause the sodium enrichment on the glass surface.
A schematic diagram of the experimental setup is shown in
Fig. 2. The crucible containing the simulated glass prepared as
above was directly placed in a 100 mL alumina crucible containing
activated carbon (3 g). The 100 mL crucible was then covered with
an alumina cover and placed in the electric furnace. The tempera-
ture of the furnace was elevated to 1000 C over a period of 30 min,
and the simulated glass in the crucible was melted for 1 h at this
temperature. Subsequently, the furnace was allowed to cool natu-
rally to 700 C, and the glass was then heated at this temperatureHeat-treated product  m 
product in Na2O–SiO2–CuO system (accelerating voltage in SEM observation: 2 kV).
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Fig. 10. Spectrum of point analysis on the contact surface of the heat-treated
product in Na2O–SiO2–CuO system (accelerating voltage in SEM observation and
EDS analysis: 5 kV).
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cool naturally to room temperature. The obtained material is
referred to as the ‘‘heat-treated product”.Analytical methods
The chemical composition of the simulated glass was deter-
mined via XRF analysis on a Shimadzu LAB CENTER XRF-1800 sys-
tem (Shimadzu, Kyoto, Japan). In XRF, the fundamental parameter
method was used for the quantification of the glass. To check the
analytical error, each sample was analyzed twice repeatedly and
coefficient variation of the element concentrations was 0.10–
9.3%. The crystal states of the simulated glasses were evaluated
via XRD analysis on a Bruker AXS D8 ADVANCE system (Bruker
AXS, Kanagawa, Japan). Type of photon source was a Cu Ka source
(k = 1.5406 A). An operating voltage was 40 kV and a beam current
was 40 mA. Step size was 0.035and scan rate was 1.5 s per step. A
powder sample obtained by grinding the simulated glass was ana-
lyzed with the above condition and XRD patterns of the samples
were collected between 10 and 80. The contact surfaces of the
simulated glasses and heat-treated products were observed using
field-emission scanning electron microscopy (FE-SEM) on a Seiko
Instruments/Zeiss ULTRA plus system (Seiko Instruments, Chiba,
Japan; Zeiss Oberkochen, Germany), which was equipped with an
energy-dispersive X-ray spectrometer (Bruker AXS, Kanagawa,
Japan). The simulated glass and heat-treated product were
crushed, and a part of the crushed piece was covered with alu-
minum foil to prevent static charge on the piece in the FE-SEM
observation. A 1 mm square area of the covered aluminum foil
was cut, and the exposed area of the piece was observed by FE-SEM. An aperture size was 30 lm, and accelerating voltage was
changed from 2 kV to 5 kV.Results and discussion
Na2O–SiO2–PbO system
Fig. 3 (a) shows the mapping images for Na and Si on the con-
tact surfaces for the Na2O–SiO2–PbO simulated glasses and corre-
sponding heat-treated products. After heat treatment, the area
where sodium is concentrated on the surface in the Na2O–SiO2–
PbO system expands. Point analysis using EDS was then performed
on the sodium-concentrated area before and after heat treatment,
and the mass ratio of Na to Si (Na/Si ratio) was determined to be
0.29 before (Point 1) and 6.1 after (Point 2) treatment. Therefore,
sodium enrichment on the contact surface was promoted by heat
treatment under a reductive atmosphere. On the sodium-
concentrated surface, an indented structure is evident (Fig. 4 (a)),
and submicron-sized fine structures are observed at higher magni-
fication (Fig. 4 (b)).
As mentioned in Section 1, sodium enrichment may be
affected by the reduction of heavy metal oxides. To clarify this
relationship, therefore, the distributions of Pb, Na, and Si on
the contact surface were investigated. Fig. 5 shows the mapping
images for Pb, Na, and Si on the surface of the Na2O–SiO2–PbO
heat-treated product. Most of the observed area includes the
sodium-concentrated phase, and Pb and Si are also present in
a portion of the area. However, the lead concentration is lower
in the area of high sodium concentration. Fig. 6 shows the
mapping images for the elements in a cross-section of the
heat-treated product. Compared to the interior, the concentra-
tion of lead is lower in the area on the contact surface with a
high sodium concentration. The lower lead concentration was
caused by the reduction of PbO during heat treatment, which
subsequently resulted in removal of the generated metallic lead
from the glass phase. In fact, a metallic phase was generated
during heat treatment of the Na2O–SiO2–PbO glass (Fig. 7(a)),
as indicated by the appearance of a peak corresponding to
metallic lead in the XRD pattern for the metallic phase (Fig. 7
(b)). If the structural change in the SiO2 network due to the lead
removal affected the sodium enrichment efficiency, the quantity
of Na should be negatively correlated with that of the Pb on the
contact surface of the heat-treated product. Thus, the chemical
compositions of several points in the observed area in Fig. 5
were determined using EDS in order to confirm this correlation.
Fig. 8 shows the relationship between the Na/Si ratio and the Pb
concentration. It can be seen that the Na/Si ratio increases as the
Pb concentration decreases, indicating that sodium enrichment
was indeed promoted by the reduction and removal of PbO in
the glass.Na2O–SiO2–CuO system
In the Na2O–SiO2–CuO system, an indented structure is also
observed on the contact surface after heat treatment (Fig. 9), and
the structure is larger than that for the Na2O–SiO2–PbO system
(Fig. 4(a)). On a pitted area in the structure, sodium enrichment
is also observed (Fig. 3(b)). In this area (Point 3), silicon was not
detected, as shown in Fig. 10(a) (peak position in the Si–Ka spec-
trum is known to be 1.739 keV). On the other hand, the Na /Si ratio
determined using EDS was 0.53 on the Si-rich area (Point 4).
Also, relationship between sodium enrichment and the reduc-
tion of heavy metal oxides is discussed. Mapping images for Cu,
Na, and Si on the contact surface of the Na2O–SiO2–CuO heat-
treated product are also shown in Fig. 11. Not only is an area of
(a) Secondary electron image 
(b) Mapping image of Na and Cu (c) Mapping image of Na and Si 
SE 20 m 
Na Si 20 m 
Point 7 
Na Cu 20 m 
Fig. 11. Secondary electron image and mapping images of Na, Cu, and Si on the contact surface of the heat-treated product in Na2O–SiO2–CuO system (accelerating voltage in
SEM observation and EDS analysis: 5 kV).
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that was separated from the silicon is evident as well. The results
of point analysis using EDS of the copper-concentrated area (Point
7 in Fig. 11 (b)) are shown in Fig. 10 (b). Peaks corresponding to Cu,
O, and C are observed, whereas no peaks for Si and Na are evident.
The molar ratio of O to Cu in the area was 0.89 (<1), and the quan-
tity of oxygen was insufficient for the formation of CuO. In addi-
tion, the molar ratio of O to Cu plus C in the area was 0.65 (<1).
Assuming that the C originated from carbon dioxide contaminating
the area of copper concentration, the quantity of oxygen that com-
bined with copper was much lower than that of CuO. This implies
that the CuO in the glass was possibly reduced by CO and valence
of the copper became lower than +2. The phase separated copper-
concentrated materials remained on the contact surface without
settling, and this behavior for copper was different from that of
lead in the Na2O–SiO2–PbO system. However, in the Na2O–SiO2–
CuO system, the reduction of CuO is also thought to have pro-
ceeded in the area of copper concentration. Thus, if CuO reduction
promoted sodium enrichment, Na and Cu would coexist on the
contact surface of the heat-treated product. Fig. 12(a) shows the
secondary electron image and mapping images for Cu and Na in
the copper-concentrated area on the surface of the heat-treated
Na2O–SiO2–CuO product. These images were combined to provide
the image shown in Fig. 12(b). A material with a high sodium con-
centration is evident in the phase-separated, Cu-concentrated area.
This result implies that sodium enrichment occurred together with
the reduction of CuO in the glass.Na2O–SiO2–ZnO system
In the mapping image for the Na2O–SiO2–ZnO system, an area
where sodium is concentrated is also present (Fig. 3(c)). The Na/
Si ratios determined using EDS were 1.8 on the Na-rich area (Point
5) and 0.75 on the Si-rich area (Point 6). However, the Na/Si ratio in
the Na-rich area (Point 5) is lower than that for the Na2O–SiO2–
PbO system (1.8 for Point 5 vs. 6.1 for Point 2). Therefore, the
sodium enrichment efficiency was lower in the Na2O–SiO2–ZnO
system than those in Na2O–SiO2–PbO and Na2O–SiO2–CuO sys-
tems. This reason is considered below.
As explained in Section 1, the structural change caused by the
reduction of the heavy metal oxides in the glass should affect the
sodium enrichment efficiency. As the quantity of heavy metal
oxide that is reduced and removed from the glass phase increases,
the structural change in the SiO2 network becomes more dramatic.
Therefore, the redox behavior of the heavy metal oxide in the glass
must influence the degree of structural change and, consequently,
the sodium enrichment efficiency. As an indicator of the redox
behaviors of the metal oxides used in this study, Ellingham dia-
grams described using thermodynamic data [21] are shown in
Fig. 13. The Gibbs free energies for oxidation of the heavy metals
are provided. In addition, because the reductant in the present
reduction-melting process was CO, the Gibbs free energy for the
oxidation of CO is included for comparison. It can be seen in the fig-
ure that the Gibbs free energies for the oxidation of PbO and CuO
are larger than that for the oxidation of CO at 1000 C (1273 K),
(a) Each image 
(b) Combined image 
7 m 7 m 
7 m 7 m 
SE Na 
Cu Si 
7 m 
Na Cu SE 
Fig. 12. Secondary electron image and mapping images of Na, Cu, and Si on the contact surface of the heat-treated product in Na2O–SiO2–CuO system (accelerating voltage in
SEM observation and EDS analysis: 5 kV).
T. Okada et al. / Results in Physics 5 (2015) 264–272 271and thus these heavy metal oxides can be reduced by CO. As
explained in Section 3.1, a metallic phase was generated during
heat treatment of the Na2O–SiO2–PbO glass (Fig. 7(a)). Also, in
the Na2O–SiO2–CuO system, the reduction of CuO also occurred,
and the reduced copper was phase-separated from the glass phase
after heat treatment (see Section 3.2). On the other hand, it can beseen in Fig. 13 that the Gibbs free energy for the oxidation of ZnO is
lower than that for the oxidation of CO at 1000 C (1273 K), and
thus ZnO is thermodynamically more stable than metallic Zn under
the conditions used for heat treatment in the present study. There-
fore, in the Na2O–SiO2–ZnO system, the reduction of ZnO by CO did
not occur, which resulted in a lower degree of structural change
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Fig. 13. Ellingham diagram.
272 T. Okada et al. / Results in Physics 5 (2015) 264–272during the heat treatment process and, consequently, a lower
sodium enrichment efficiency.
Conclusion
In this study, a sodium enrichment technique was applied to
the reduction-melting of heavy-metal-containing glasses. The
sodium enrichment efficiencies were compared between the
glasses with different heavy metal species. When glasses contain-
ing PbO and CuO, which can be reduced by CO, were heated in a
reductive atmosphere, the sodium was concentrated on the
surfaces of the glasses that were in contact with the gas phase.
On the other hand, when the glass containing ZnO, which is more
difficult to reduce with CO, was heated, the sodium enrichment
efficiency was lower. Therefore, the redox behaviors of the heavy
metal oxides in each glass significantly influenced the sodium
enrichment efficiency.These findings should be of great assistance for determining the
appropriate conditions for efficient sodium enrichment during the
reduction-melting of heavy-metal-containing wastes to promote
the heavy metal recovery. This technique also enables the recovery
of the sodium that is used as a flux and formation of a porous struc-
ture on the residual silica-rich oxide phase that can be used as an
absorbent.
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